Combined confocal microscopy and freeze-fracture replica immunogold labeling (FRIL) were used to examine the connexin identity at electrical synapses in goldfish brain and rat retina, and to test for "co-localization" vs. "close proximity" of connexins to other functionally interacting proteins in synapses of goldfish and mouse brain and rat retina. In goldfish brain, confocal microscopy revealed immunofluorescence for connexin35 (Cx35) and NMDA-R1 (NR1) glutamate receptor protein in Mauthner Cell/Club Ending synapses. By FRIL double labeling, NR1 glutamate receptors were found in clusters of intramembrane particles in the postsynaptic membrane extraplasmic leaflets, and these distinctive postsynaptic densities were in close proximity (0.1-0.3 µm) to neuronal gap junctions labeled for Cx35, which is the fish ortholog of connexin36 (Cx36) found at neuronal gap junctions in mammals. Immunogold labeling for Cx36 in adult rat retina revealed abundant gap junctions, including several previously unrecognized morphological types. As in goldfish hindbrain, immunogold double labeling revealed NR1-containing postsynaptic densities localized near Cx36-labeled gap junction in rat inferior olive. Confocal immunofluorescence microscopy revealed widespread co-localization of Cx36 and ZO-1, particularly in the reticular thalamic nucleus and amygdala of mouse brain. By FRIL, ZO-1 immunoreactivity was co-localized with Cx36 at individual gap junction plaques in rat retinal neurons. As cytoplasmic accessory proteins, ZO-1 and possibly related members of the membrane-associated guanylate kinase (MAGUK) family represent scaffolding proteins that may bind to and regulate the activity of many neuronal gap junctions. These data document the power of combining immunofluorescence confocal microscopy with FRIL ultrastructural imaging and immunogold labeling to determine the relative proximities of proteins that are involved in short-vs. intermediate-range molecular interactions in the complex membrane appositions at synapses between neurons.
Introduction
The nearly complete decoding of the human genome (Venter et al., 2001; Internat. Human Genome Seq. Cons., 2001 ) has spawned the field of "proteomics", which is focused on protein sequence identification, elucidation of protein modifications, and delineation of proteinprotein interactions (Giot et al., 2003) , with the ultimate goal of understanding complete functional sets of proteins and the precise nature of their macromolecular arrangements within individual cells and defined subcellular domains. A central concept emerging is that functionally related biochemical reactions, cell signaling cascades, and subcellular structural and regulatory components often involve multiple interacting proteins that are either in direct molecular contact or are compartmentalized in sufficiently close proximity that diffusion of substrate or product between interacting proteins occurs in nanoseconds to microseconds. Coincident with these evolving concepts, it now is RASH, PEREDA, KAMASAWA ET AL. FRET (fluorescence resonance energy transfer) identifies molecules that are in molecular contact or that are separated by <10 nm (i.e., "shortrange interactions''). Spatial localization in X-and Y-coordinates is limited to >300 nm by optical diffraction phenomena. Laser scanning confocal microscopy provides biochemical, immunocytochemical, and structural data in the X-and Y-axes from 300 nm to 30 millimeters, and from 0.6 µm to ∼ 600 µm in the Z-axis. FRIL provides structural and immunocytochemical data from about 2 nm to 2 mm (six orders of magnitude). PET scans (positron emission tomography) have about 1 mm resolution and collect data over ∼ 0.5 m 2 . Thus, FRIL spans the gap from FRET to PET scans.
appropriate to consider new strategies and technologies for the systematic identification and mapping of the myriad protein constituents of mammalian cells. One set of strategies in the arsenal of proteomics is based on high-resolution imaging and simultaneous mapping of interacting proteins. Biological imaging methods cover a wide range of formats and resolutions-from whole body scans for protein localization at the tissue and organ levels, to x-ray crystallography for atomic-scale analysis of protein structure (see Table 1 for overlapping resolution and imaging ranges of anatomical imaging techniques). Between these extremes are imaging approaches that provide essential information at many different levels of resolution. Light microscopy (including laser scanning confocal microscopy), combined with immunohistochemistry, allows assignment of proteins to cells and subcellular structures, giving a general view of protein distribution, abundance, localization and coassociation, and provides the basis for more detailed ultrastructural and molecular analyses. At the other end of the spectrum, fluorescence resonance energy transfer (FRET) allows identification of protein molecules that are in direct molecular contact or that are separated by <5 − 10 nm (Verveer et al., 2003) . However, due to diffraction-limited phenomenon for focusing photons of any wavelength, FRET is not capable of visualizing proteins or mapping them within cells to any greater resolution than conventional light microscopy.
Consequently, there remains the problem of identifying and mapping proteins or protein arrays that interact functionally over "intermediate" distances (i.e., 10 nm to 300 nm, which is below the limit of resolution of light microscopy [LM] ) and mapping them to nanometer resolutions. This gap in separately resolving multiple, closely-spaced proteins is a particularly vexing problem in studies of the vertebrate CNS, where cellular heterogeneity and morphological complexity often give rise to plasma membranes of three, four, or more neuronal and/or glial cell processes within the smallest volume of tissue resolvable by LM (Rash et al., 2001a) . To decipher the two-and three-dimensional distribution of multiple proteins within this convoluted entanglement of neuronal and glial processes, ultrastructural approaches are required.
Conventional thin-section electron microscopy (TEM), combined with pre-embedding or postembedding immunogold labeling methods, has provided invaluable information regarding simultaneous high-resolution mapping of two or more membrane proteins (Ottersen & Landsend, 2003) , while at the same time revealing the ultrastructural correlates for at least some of the membrane proteins that are visualized immunohistochemically (e.g. gap junctions, tight junctions). However, when no recognizable ultrastructural correlate is discernible, extrapolation of the location or ultrastructural identification of labeled proteins from one sample to another is difficult if not
